Influenza viruses cause significant morbidity and mortality in adults each winter. At the same time, other respiratory viruses circulate and cause respiratory illness with influenza-like symptoms. Human respiratory syncytial virus (HRSV), human parainfluenza viruses (HPIV) and human metapneumovirus have all been associated with morbidity and mortality in adults, including nosocomial infections. This study evaluated 154 respiratory specimens collected from adults with influenza-like/acute respiratory illness (ILI) seen at the Edward Hines Jr VA Hospital, Hines, IL, USA, during two successive winters, 1998-1999 and 1999-2000. The samples were tested for ten viruses in two nested multiplex RT-PCRs. One to three respiratory viruses were detected in 68 % of the samples. As expected, influenza A virus (FLU-A) infections were most common (50 % of the samples), followed by HRSV-A (16 %). Surprisingly, HPIV-4 infections (5.8 %) were the third most prevalent. Mixed infections were also relatively common (11 %). When present, HPIV infections were approximately three times more likely to be included in a mixed infection than FLU-A or HRSV. Mixed infections and HPIV-4 are likely to be missed using rapid diagnostic tests. This study confirms that ILI in adults and the elderly can be caused by HRSV and HPIVs, including HPIV-4, which co-circulate with FLU-A.
INTRODUCTION
Yearly cases of influenza-like/acute respiratory illness (ILI) in acute-care settings throughout the USA are reported to public health authorities and attributed to influenza virus, mostly influenza A virus (FLU-A), with some influenza B virus (FLU-B). The information that characterizes the seasonal epidemics of respiratory viruses has been obtained from sentinel acute-care clinics and emergency-room visits from mixed populations of patients. More information is needed to characterize the viruses that cause ILI in ambulatory adults and the elderly.
In this study, we focused on other negative-strand RNA respiratory viruses that circulate before, after and concurrently with influenza viruses in the ambulatory elderly adult population, including human respiratory syncytial virus (HRSV), human parainfluenza viruses (HPIV) and human metapneumovirus (HMPV). HRSV infection has been suggested to cause significant disease in the elderly, perhaps rivalling non-pandemic influenza (Gonzalez et al., 2000) . HRSV infection has been identified as the aetiological agent for pneumonia and death in adults with chronic lung disease, and in elderly adults living in nursing homes (Lee et al., 2005) . Current information on the incidence and severity of HRSV in ambulatory adults still contains large gaps in knowledge about the disease (Walsh et al., 2007) .
HMPV can cause severe respiratory disease in children and the elderly (Boivin et al., 2002 (Boivin et al., , 2003 , but the disease that this virus causes is not clinically distinct. The prevalence of HMPV in ILI has not been well studied.
There are four types of HPIV, estimated to cause 10 % of acute respiratory infections during the winter (Boivin et al., 2002; Henderson, 1987; Sharova et al., 1989) . HPIVs also cause severe disease, including pneumonia and death in transplant recipients (Whimbey et al., 1996) , as well as nosocomial infections and nursing-home outbreaks (Glasgow et al., 1995) , similar to influenza virus.
Nested multiplex RT-PCR enables sensitive, simultaneous detection of multiple viruses from patient specimens and can be completed in a time frame that enables clinical decision-making (Atmar et al., 1996; Claas et al., 1993; Osiowy, 1998) . To test clinical respiratory samples for multiple viruses, we improved two nested multiplex RT-PCR assays (Aguilar et al., 2000; Coiras et al., 2003) , enabling simple and relatively rapid diagnosis of ten of the most important causative agents of respiratory illness.
METHODS
Clinical specimens. A total of 154 specimens was collected from adult patients who were hospitalized or received medical care in the emergency department of Edward Hines Jr VA Hospital during the 1998-1999 and 1999-2000 autumn/winter seasons. Patients had influenza symptoms or respiratory symptoms and most had fevers of at least 100uF/37.8 uC. All specimens were obtained from the nose, throat or nasopharynx using sterile cotton swabs and placed in virus transport medium tubes. Following routine testing by the Clinical Microbiology Laboratory, Edward Hines Jr VA Hospital, the remaining portion of each specimen was stored at 280 uC until used in this analysis. This study was approved by the Institutional Review Boards of Edward Hines Jr VA Hospital, Rush University Medical Center and Nationwide Children's Hospital.
Control viruses and cells. Egg-grown FLU-A (strain Udorn), FLU-B (strain Lee/40) or tissue-culture-grown FLU-C, HPIV1-3, -4A and -4B, HRSV-A and -B, and HMPV-A (CAN97-83) and -B (CAN97-75), were used to standardize and confirm the specificity of the RT-PCRs. LLC-MK2 cells were grown in minimum essential medium with 10 % fetal bovine serum (FBS), MDCK cells were grown in RPMI 1640 with 5 % FBS, and HEp-2 cells were grown in Opti-MEM with 2 % FBS.
RNA isolation. RNA was extracted from 250 ml clinical sample using RNA-Bee (Tel-Test) according to the manufacturer's protocol. GlycoBlue (15 mg; Ambion) was added to the aqueous phase before precipitation to increase recovery of the viral RNA and to enable visualization of the RNA pellet. The pellet was resuspended in 30 ml RNase-free water. RNA samples were frozen on dry ice and stored at 280 uC.
Nested multiplex RT-PCR assays. Two nested multiplex RT-PCR assays to detect the common pathogenic negative-strand RNA respiratory viruses, based on published protocols (Aguilar et al., 2000; Boivin et al., 2002 Boivin et al., , 2003 Coiras et al., 2003) , were optimized and HMPV detection was added. FLU-A, -B and -C, HRSV-A and -B, and HMPV, were all assessed in one reaction. HPIV-1, -2, -3 and -4 were assessed in a separate reaction.
Primer improvements were made with the help of Primer Designer software (Scientific & Educational Software) to avoid 39-end hybridization with any of the other primers in the reaction while maintaining the ability to detect any sequence in GenBank. Primary and nested amplification primers specific for FLU-A, -B and -C, HRSV-A and -B, and the internal control (Coiras et al., 2003) were modified as indicated in Table 1 . To the primer mix for FLU-A, -B, -C, and HRSV-A and -B, were added HMPV primers. These HMPV primers were designed from sequences in GenBank to amplify the N gene from both the A and B strains of HMPV.
The initial reverse transcription and PCR were performed in a onetube process using an Access RT-PCR kit (Promega) with conditions similar to those described by Coiras et al. (2003) except that the nested reaction cycle number was increased to 45. Each RT-PCR included an internal positive-control target sequence, and each set of reactions included negative controls using water instead of sample. All reactions were performed in a GeneAmp PCR system 2700 thermocycler (Applied Biosystems).
For HPIV-1, -2, -3 and -4 detection, primary and nested primers (Aguilar et al., 2000; Echevarría et al., 1998) were shortened to avoid 39-end interactions with other primers in the same mix (Table 1) . Conditions used for the single-step RT-PCR were as follows: the primary RT-PCR was incubated at 48 uC for 45 min and 94 uC for 3 min, followed by 35 cycles of 94 uC for 30 s, 55 uC for 1.5 min and 72 uC for 1 min, with extension at 72 uC for 10 min, and storage at 4 uC until collected. The nested PCR was carried out at 94 uC for 4 min, followed by 45 cycles of 94 uC for 30 s, 55 uC for 1 min and 72 uC for 30 s, with extension at 72 uC for 5 min, and storage at 4 uC until collected. To subtype HPIV-4, an additional nested reaction was performed on the first PCR product with primers PIS4A + and PIS4B + , paired with PIS4 2 (Aguilar et al., 2000) .
Internal control plasmid (100 copies) was added to the RT-PCR at the same time as the specimen RNA. The FLU/HRSV/HMPV control plasmid has been described by Coiras et al. (2003) . For the HPIV reactions, we designed a different internal control, from the chloramphenicol acetyl transferase (CAT)-encoding gene, to reduce 39-end interactions.
Each reaction tube contained AmpliWax (Perkin Elmer) to reduce contamination. Samples were separated into workable groups for running the reactions. Each group included a set of positive-control virus RNAs for each of the viruses being tested and negative controls to ensure that primers were working and that there was no contamination. Positive results in nested multiplex RT-PCR were confirmed by repeating with a new aliquot of RNA, using only the primers specific for that virus. Samples with multiple viruses were retested with each of the individual primer pairs and with the multiplex primer mixture.
All PCR products were analysed in 2 % agarose gels by electrophoresis, stained with ethidium bromide and visualized on a UV light box. Each nested PCR product was designed to migrate at a unique position, enabling virus identification. Samples were considered negative if: (i) no PCR product corresponding to a virus was detected and (ii) the internal control product was present. In many reactions, viral PCR products were generated without the internal control PCR product, indicating that production of the control did not compete with viral product generation. All samples produced one or more PCR products that corresponded to a virus or the control or both, indicating that no samples contained inhibitors. In a few samples, minor PCR products that did not correspond to a virus product appeared, suggesting non-specific amplification. In these cases, the procedure was repeated. If no viral PCR product was detected in the repeat reaction, the sample was reported as negative.
RESULTS AND DISCUSSION
Multiplex RT-PCRs were used to identify respiratory viruses from an adult population by modifying earlier protocols (Aguilar et al., 2000; Coiras et al., 2003) and adding detection primers for HMPV. The primers (Table 1) were designed to produce a uniquely sized PCR product for each virus. These products were separated by agarose gel electrophoresis and stained with ethidium bromide, allowing clear identification of ten respiratory viruses or subtypes.
One or more viruses were detected in 104 (68 %) of the 154 patient specimens. The most frequently detected viruses were FLU-A in 77 cases (50 % of the total specimens), HRSV-A in 25 cases (16 %), and HPIV-4A and 4B in 9 cases (5.8 %). All other viruses were present at less than 3 % frequency: HPIV-2 in four cases (2.6 %) and HPIV-1, FLU-B and HRSV-B in three cases each (1.9 %). HMPV, HPIV-3 and FLU-C were not detected, even thought the primers were designed to detect strains present in GenBank at the time they were designed. It is possible that HMPV, HPIV-3 and FLU-C may not have caused ILI symptoms severe enough to seek medical attention or they may be less likely to occur as mixed infections with a virus that does cause ILI. It is also possible that these viruses were not circulating in this geographical area during these two autumn/winter seasons.
The frequency of FLU-positive specimens was high, as expected, as collection was biased towards patients exhibiting ILI. Most of these FLU-positive specimens contained FLU-A (77 cases), compared with FLU-B (3 cases). Over the 1998-1999 season, 11 % of FLU-positive specimens were FLU-B, which was lower than the 36 % rate in the Centers for Disease Control and Prevention (CDC) influenza surveillance data for this region. During the 1999-2000 season, the FLU-B-positive rate of 1.6 % was higher than the rate in the CDC data (0.5 %). Over the same two seasons, other causes of ILI that would have been attributed to FLU by clinical presentation alone were identified.
Multiplex RT-PCR identified an unexpectedly high number of HPIV-4 isolates in the study specimens collected from adults with ILI. Virus identification in cell culture was attempted on several of the specimens without success; in retrospect, these were identified as HPIV-4. The optimal cell line for culturing HPIV-4 varies from isolate to isolate and tissue culture isolation is generally inefficient (Lau et al., 2005) . RT-PCR screening has been found to be much more sensitive and consistent for detecting HPIV-4 in both culture-positive and culture-negative specimens from children (Aguilar et al., 2000; Bellau-Pujol et al., 2005; Lau et al., 2005; Templeton et al., 2004 Templeton et al., , 2005 . Of the 154 patient samples, 17 (11 %) contained more than one virus. The identity of each virus in these multiple infections was confirmed by amplification with primers specific for each virus. The most commonly detected virus in single and multiple infections was FLU-A, detected in all but 1 of the 17 mixed infections, followed by HRSV-A in 9 cases and HPIV-4A in six cases. Of the FLU-A specimens, 21 % (16/ 77 isolates) contained another virus. Among the HRSV-A specimens, 32 % (8/25) contained another virus. Strikingly, HPIVs were all found more frequently in mixed infections: 67 % (2/3) of HPIV-1 infections, 75 % (3/4) of HPIV-2 infections, 86 % (6/7) of HPIV-4A infections and 50 % (1/ 2) of HPIV-4B infections. The appearance of HPIV types in mixed infections at a much higher proportion than FLU-A or HRSV-A may indicate that FLU-A or HRSV-A enhances the infectivity of HPIVs. Alternatively, solitary HPIV infections may be less likely to cause patients to seek medical attention.
Some of these specimens were collected in order to identify the agent causing nosocomial ILI cases. These specimens were screened with a rapid antigen test, Directigen Flu A (Pachucki et al., 2004) . Although this assay is specific for FLU-A, it missed 58 % of the FLU-A samples that were subsequently identified by nested multiplex RT-PCR, and it cannot detect other viruses. Another quick antigen test, such as a direct fluorescent antibody test, could have been used, but can suffer from similar insensitivity (CasianoColó n et al., 2003) . In addition, pooled respiratory direct fluorescent antibody tests can detect common respiratory viruses, but they do not include an antibody against HPIV-4.
The viruses identified during the first season of surveillance and their times of appearance are shown in Fig. 1(a) . In weeks 4 and 5, each identified ILI was caused by a single virus: five FLU-A, one HRSV-A and one PIV-4A in week 4, and three FLU-A in week 5. In contrast, during week 6, four of the six identified ILI samples contained multiple viruses. The HPIV-4A from week 4 was detected in a specimen from a hospitalized patient with ILI. Eight days later, HPIV-4A was detected in specimens from three other hospitalized patients, suggesting that HPIV-4A had probably spread nosocomially. All three of the second-round HPIV-4 specimens also contained another virus: FLU-A in two cases and HRSV-A in the third, suggesting that the second virus had come from a different source.
During the second season of surveillance (Fig. 1b) , FLU-A was detected at increased levels in weeks 52 and 1. The following week, most ILI cases were found to be negative for FLU by rapid testing (Directigen) . In what appeared to be the third week of this FLU outbreak, only two specimens contained FLU-A alone. Ten others contained HRSV-A alone, whilst three others contained both HRSV and FLU-A. Clearly, this was a second, overlapping outbreak caused primarily by HRSV instead of FLU-A.
Three of the cases involved in this HRSV cluster required hospitalization. The initial patient had spinal cord injury, developed viral pneumonia and died from respiratory insufficiency. Another was hospitalized for dyspnoea, wheezing and pneumonia. The third was transferred to the hospital for exacerbation of chronic obstructive lung disease. In addition to these nosocomial cases, 12 patients with cases of HRSV-A infection presented to the emergency department in Aetiology of influenza-like-illness in adults week 2, and 5 of these patients required admission to the hospital. Only two cases of HPIV-4A were detected over this second season.
No viral aetiology was identified in 32 % of the specimens. As only the negative-strand viruses known to cause respiratory symptoms were tested here, the remainder may have been caused by other respiratory viruses, such as rhinovirus, adenovirus or coronavirus, or by other micro-organisms. These other viruses or micro-organisms could also have been additional pathogens in the positive specimens.
The use of nested multiplex RT-PCR as a diagnostic tool at the time of diagnosis would have changed the reporting of a large number of these ILIs. HRSV and HPIV infections were attributed to FLU-A because they were presented during FLU-A outbreaks. Such misattributions can have wide-reaching public health implications, as influenza morbidity and mortality in adults is based on ILI cases without substantial information about the presence of other respiratory viruses.
Whilst nested multiplex RT-PCR is a useful method for detecting respiratory viruses, real-time PCR is being used with increasing frequency. It is sensitive, rapid and reduces the potential for contamination. However, real-time PCR requires expensive equipment and probes, and is limited in its ability to support large-scale multiplexing desired for screening samples for multiple viruses at a reasonable cost. Facilities that do not have the equipment or resources for real-time PCR may find nested, multiplex RT-PCR useful, as long as they maintain good laboratory practices to reduce contamination.
As far as we are aware, this is the first report of a high frequency of HPIV-4 infection (5.8 %) in adults with ILI. This virus was circulating among adult patients during both seasons at the same time that FLU-A was present and causing ILI in adult patients. It also appeared to have spread nosocomially during the first year of surveillance. Most clinical laboratories do not include HPIV-4 in their detection schemes because it is not considered to be a major disease-causing virus (Chanock et al., 2001; Henrickson, 2003) . However, HPIV-4 was also recently identified as the cause of an outbreak of respiratory disease in institutionalized children, and has also been shown to cause pneumonia, bronchiolitis and aseptic meningitis (Aguilar et al., 2000; Lau et al., 2005; Lindquist et al., 1997; Rubin et al., 1993; Slavin et al., 2000) . HPIV-4 detection should be included in the analysis of respiratory specimens.
This study confirms that multiple respiratory viruses may circulate concurrently with FLU-A among adults, and that HPIVs may cause nosocomial infection. In addition, adults seek acute medical care when they are infected with HRSV or an HPIV. 
